ABSTRACT Two 7.5 Ah lithium-ion secondary cells were fabricated with the same design of electrodes and separator. One cell had the mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as an electrolyte solution containing vinylene carbonate as an additive to control the solid electrolyte interphace, while the other cell used a conventional electrolyte solution. These cells were used in cycle-life and storage tests and the increases in their impedances were monitored. The activation energy calculated from the temperature dependence of the impedance remained constant after 1,000 h. It was found that the additive like vinylene carbonate do not influence to the activation energy as a function of time for the electrochemical reaction inside the cell.
Introduction
Much effort has been exerted to apply lithium-ion secondary cells to mobile applications such as electric vehicles and stationary applications. Lithium-ion secondary cells have even been used in specialized applications that require compact, lightweight batteries such as spacecraft 1, 2 and submarines. Although lithium-ion secondary cells can be used for long periods, their performance degrades over time, mainly due to mechanical stress and calendar-life effect. 3 Mechanical stress isolates the active materials in the electrode due to a reduction in the adhesive force between the constituent materials of the electrode. In the case of the calendar-life effect, growth of a solid electrolyte interphace (SEI) degrades the capacity and increases the cell impedance. 35 The active material particles need to be coated with a SEI layer to stabilize the electrode in the electrolyte solution. However, the SEI layer has higher impedance than the active materials. Moreover, SEI formation consumes lithium ions, so that it reduces the cell capacity. 3, 4 Some additives such as vinylene carbonate have recently been found to facilitate the formation of smooth and stable SEI surfaces.
610 By initially forming a SEI surface using an additive, a stable cell performance can be realized even when the cell is used for a long time. We decided to focus our research to evaluate the influence of the additives. Furthermore, few researches have ever reported about the trend of activation energy, which encouraged us to evaluate the trend of the activation energy during the cycling and storage tests for a long period of time.
Two types of cells were prepared in this study. Both cells have the same positive and negative electrodes and the same electrolyte solution composition, but one of them contained an additive for controlling SEI formation. In this report, we discuss the influence of this additive on the cell performance, including the activation energy, which was calculated from the temperature dependence of the impedance.
Experimental
Two types of cells were fabricated with a rated capacity of 7.5 Ah, but with different electrolyte solutions. Type-A cells used spinel manganese oxide for the positive electrode and graphite for the negative electrode. As the electrolyte solution, 1 mol dm ¹3 LiPF 6 with a vinylene carbonate as the additive for controlling SEI formation was dissolved to the mixture of ethylene carbonate (EC) and diethyl carbonate (DEC). Type-B cells had the same composition of conductive additives, binder, and electrode active materials as the type-A cells, but employed a conventional electrolyte solution without an additive. Both cells were manufactured by the same manufacturer at almost the same time in order to neglect the calendar-life effect.
In the cycle-life test, the cells were first charged to 4.2 V by 0.5 C for 5 h to realize 100% SOC. After the terminal voltage reached 4.2 V, a constant voltage was maintained for the remainder of the charge period. The cell was then discharged to 75% SOC by 0.5 C for 30 min, and then charged by 0.5 C for 60 min. Charging and discharging were performed five times a day. After cycling, the cells were rested for 16.5 h at 75% SOC. In the case of the storage test, the cells were also first charge to 4.2 V by 0.5 C for 5 h, and rested for the storage. All the tests were conducted inside a thermal chamber whose temperature was controlled at 35°C in order to accelerate degradation of the cell performance. The charge and discharge tests were controlled by Battery Tester PFX2021 and PFX2011 of Kikusui Electric Corporation.
After the interval of time, the impedance of each cell was measured at 5, 50, and 95% SOC. The temperature was controlled between 25 and 40°C at each SOC. To measure the impedance, a 0.4-A alternating current with a frequency between 10 mHz and 10,000 Hz was applied. The impedance was measured using As-510-LB4 and FRA5014 of NF Circuit Design Co. Ltd. Figure 1 shows the end-of-discharge voltage (EoDV) during the cycle-life test. The two cells clearly exhibited different performances. The type-A cell has a higher EoDV than the type-B cell and its performance degraded less over time.
It is believed that the additives like vinylene carbonate facilitate the formation of smooth and stable SEI surfaces. 610 By initially forming a SEI surface using an additive, a further growth of SEI layer is restrained. Since the formation of SEI consumes the lithiumion in the electrode, it usually degrades the capacity of the cell. We always obtained a higher capacity of Type-A cells in our research, when the capacity was measured before the impedance measurement. Thus, we believed that the higher EoDV of Type-A reflected the less degraded capacity of the cell. intersects the real axis in the high-frequency region. R 1 and R 2 were defined as the diameters of the semicircles observed at higher and lower frequencies, respectively. It is hard to identify the origin of the R 1 and R 2 without reference electrode, while R 1 and R 2 are belonged to the anode and cathode reaction respectively in the previous reports.
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The Type-A cell had a slightly higher R s than the type-B cell. R s is generally considered to reflect the resistance of the electrolyte solution. It is supposed that the additives influenced the conductivity of the electrolyte solution in Type-A. Except for the value of R s , the two cells exhibited almost identical Nyquist plots. This is reasonable since the cells had the same electrode design but different electrolytes. Figure 3 shows the impedance at 50% SOC as a function of time. The impedance was measured at 50% SOC using the cells for the storage test. R s increased linearly with time, becoming almost twice its initial value after 1,000 h. R 1 and R 2 also increased, but only very slightly. The presence of an additive in the electrolyte solution did not substantially affect this trend. The same trend was also observed when the impedance was measured at 5% and 95% SOC using other cells.
The relationship among the impedance (R ct ), the activation energy (E a ), the temperature (T), and the SOC is expressed by
where R is the gas constant, k is the frequency factor, and ¡ is the transfer coefficient. 13 Using this relationship, the activation energy was calculated from the temperature dependence of the impedance at each SOC. Figure 4 depicts the activation energy calculated from R 2 as a function of time. In our previous study, a drastic change in the activation energy calculated from the temperature dependence of R 2 .
14 However, Type-A and Type-B cells maintained constant activation energy of ca. 40 kJ mol
¹1
. Furthermore, the activation energies calculated at different SOC were almost the same; and no significant difference was observed at different SOCs.
In the case of R s , the impedance increased almost twice its initial value after 1,000 h in the case of R s , while Type-A and Type-B cells maintained constant activation energy of ca. 15 kJ mol ¹1 at different SOCs as shown in Fig. 5 . Electrochemistry, 80(10), 817820 (2012) Figure 6 also depicts the activation energy of R 1 as a function of time. Considering the trend of activation energy calculated from R 2 , significant change of activation energy was not observed. These results obtained here imply that the electrochemical reaction was not influenced by the presence of the additive in the electrolyte solution.
Conclusion
Two 7.5-Ah lithium-ion secondary cells were fabricated with the same design. An electrolyte solution with an additive for controlling SEI formation was used in the type-A cell, whereas a conventional electrolyte solution was used in the type-B cell. The type-A cell exhibited a higher EoDV than the type-B cell during cycle-life tests; this difference is thought to be due to the additive in the electrolyte solution. The activation energy was calculated from impedance spectra obtained at different SOC and temperatures. The activation energy remained almost constant even after 1,000 h. Thus, the additive does not seem to affect the electrochemical reaction as a function of time. Electrochemistry, 80(10), 817820 (2012)
